Introduction
Melatonin or 5-methoxy-N-acetyltryptamine was first described from bovine pineal in the year of 1958 by Aaron Lerner [1] .
Melatonin is the principal secretion of the pineal gland and it is regulated by the circadian rhythm. Initially, it was thought that it is unique to the pineal gland, but now it is known to be produced in many other tissues all over the body [2] . The rhythmic release of melatonin acts as an endogenous synchronizer, modulating several physiological events like sleep-awake-cycle, blood pressure, body temperature, glucocorticoid or cortisol rhythm, and body defense mechanism, etc. Human melatonin has diurnal variations and its secretion gets elevated with the onset of darkness, reaches its peak concentrations in the mid-night followed by gradual decrease in the last part of the night. The gradual rise in melatonin level is seen in individuals from the birth and likewise, become peak during 2 to 4 years of age [3] relatively lesser during the puberty [4] and decreases gradually from the middle age [5] . As the consequence of decline in levels of this natural ubiquitous molecule in old age or in pathological conditions, melatonin may modulate associated physiological functions [6] . Melatonin is applied in combination therapie due to its negligible side-effects together with its ability to reduce the side effects and increase in the functional efficacy of large number of drugs, it finds applications [7] . Melatonin is also well known for being a molecule with antioxidant properties and it also triggers the brain antioxidant defense mechanisms [8] .
Melatonin, conventionally accepted as a pineal gland secretion, is a neuromodulator whose physiological concentrations are regulated by circadian rhythms. Alteration in melatonin levels owing to circadian influences is a major regulator of reproductive functions in animal species that are seasonal breeders. Attributing to its antioxidant properties and capability to cross physiological barriers, such as the blood-brain barrier, the blood-testis barrier as well as having almost no toxicity, melatonin finds high relevance in amelioration of male fertility parameters.
Melatonin may affect male reproductive functions by influencing the release of hypothalamic gonadotropin-releasing hormone and pituitary luteinizing hormone, which are among the key hormones in regulation of male reproduction. It may directly act on testicular cells to influence testicular functions. The property of melatonin most essential for testicular functions is its ability to scavenge free radicals, thereby preventing testicular oxidative damage. This article summarizes the updated data on the versatility of melatonin as an endogenous rhythm setter, as an antioxidant molecule and its possible physiological impacts in male reproductive functions. Melatonin has been associated with improved male reproductive functions. It has been shown that melatonin exposure is essential for reproductive functions in seasonal breeders [9] . In humans, melatonin has been demonstrated to influence the anterior pituitary gonadotropins, gonadal steroids and testicular functions via specific receptors which are profusely expressed in the central nervous system as well as in the reproductive tissues [10] . Moreover, the role of melatonin in protection against testicular pathogenesis and in the sustenance of normal spermatogenesis have been documented. But, the exact mechanism of its action other than its antioxidant properties in testicular cells, remains largely unknown [11] . Attributing to its capability to cross physiological barriers, such as the bloodbrain barrier, the blood-testis barrier without obvious toxic impact, melatonin finds high relevance as a therapeutic molecule in male reproductive disorders [12] . In the present global scenario, where male fertility in terms of semen quality is showing a gradual decline [13] [14] [15] [16] [17] , molecules like melatonin with ameliorative effects on male reproductive functions should be explored further for therapeutic interventions. This article thus aims to review and present an updated report on the properties of melatonin and its receptors along with its versatile roles in the regulation of male reproductive functions.
Melatonin and melatonin receptors

Synthesis
Melatonin (5-methoxy-N-acetyltryptamine) is an endogenously produced indoleamine, also a nocturnal peptide, primarily synthesized from the essential amino acid tryptophan followed by serotonin. It is secreted from the pinealocytes of pineal gland mainly to maintain the circadian rhythms and light is the principal external cue for its secretion [18] . It also involved in various other physiological processes [19] such as blood pressure and body temperature regulation, oncogenesis, and immune functions. During prolong photoperiod melatonin activity is lesser (e.g. summer season) and during shorter photoperiod the melatonin activity is higher (e.g. winter season) [20] . The rhythmic activity of melatonin may be entrained gradually after shifting to a new short photoperiod.
However, compression of the rhythm on long photoperiodic conditions is spontaneous [21] . This photoperiodic regulation of melatonin rhythm acts as an endocrine calendar, as its target organs are informed about the changes in light-dark cycle or seasons of year. Circadian production of pineal melatonin is controlled by endogenous oscillators within the suprachiasmatic nucleus and entrained by daily and seasonal changes in the environmental lightdark cycle [22] . Shift work, travel, and ubiquitous artificial lighting can disrupt natural circadian rhythms of melatonin.
Melatonin receptors
For classical functions, melatonin has two different types of receptors in human called MT 1 and MT 2 receptors. These two receptors are G-protein-coupled receptors [23] . Melatonin receptor type 1 or MT 1 is a cell membrane receptor, also known as Mel1a or ML 1A receptor. It is encoded by 4q35.1 and is having 350 amino acid residues [24] in its structure and coupled to G i , specifically Gi α2 , Gi α3 , and G q/11 [25] . This MT 1 receptor is expressed in the brain including the hypothalamus, cerebellum, hippocampus, substantia nigra and ventral tegmental area; cardiovascular system including peripheral blood vessels, aorta and ventricular wall, coronary and cerebral arteries; on the cells of immune system, skin, liver, kidney, adrenal cortex, retina, pancreas, spleen, placenta, breast tissues, ovary and testes [26] .
Whereas, another cell surface receptor MT2, formerly known as Mel1b or ML 1B is encoded by 11q21-q22 [24] with 363 amino acids with near about 60% homology to MT 1 receptor [24] in its structure and couples to the activation of G i . This receptor is located in the brain and various other organs including the testes [27] .
For classical functions, melatonin binds to MT 1 /MT 2 heterodimers that interact with downstream regulating the second messenger systems such as adenylyl cyclase (cAMP), phospholipase A2 and phospholipase C. They act to decrease the production of cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate cGMP and/or increase the production of diacylglycerol and inositol triphosphate [28] .
Melatonin may perform its functions also through the putative retinoid orphan receptor (ROR)/retinoid Z receptor (RZR) nuclear receptor [29] and its possible subfamilies that bind melatonin including RZR 毩 , ROR 毩 , ROR 毩 2, and RZRβ. Among these, the RZR 毩 has been detected in testis [25] .
Physiological functions of melatonin
Role of melatonin in the sleep-wakefulness cycle may be considered as its classical function [30] . Melanopsin is the receptor for light that keeps the body in tune with external time. It contains illumination detecting retinal ganglion cells to signal for the absence or presence of light and it is mediated through the retinohypothalamic tract to the suprachiasmatic nucleus [31] . Melatonin secretion increases near about 10 folds during darkness and falls towards low levels during appearance of the light of day [31] ; these fluctuations in melatonin secretion help to entrain the body's biological rhythms with the external light dark cues. It appears to enhance immunity and has been shown to reverse some of the age-related shrinkages of the thymus [32] which is the source of T-lymphocytes. For some other mammals, it controls the seasonal breeding by targeting the hypothalamus [33] .
Melatonin: As free radical scavenger
Free oxygen radicals are produced normally as byproducts during cellular metabolism that utilize oxygen. These radicals of oxygen contain unpaired free valence electrons. Oxygen is particularly susceptible to this conversion, as its outer pair of electrons spin is in the same direction, thus tending to accept electrons one at a time.
This free radical form of oxygen is more reactive than the nonradical oxygen, such as the reactive oxygen species (ROS). These include superoxide anion, perhydroxyl radical, singlet oxygen, hydroxyl radical, hypochlorous acid, peroxyl, lipid peroxide, etc [34] .
Sometimes non-radical molecules are also termed as 'ROS' because of their oxidation nature like the hydrogen peroxide [35] . Generally, ROS are essential for some normal physiological processes like spermatogenesis, sperm capacitation, hyperactivation and acrosome reaction, but an increased ROS production causes oxidative damage to the cells by inducing 'oxidative stress' [36] .
Endogenous anti-oxidative agents scavenge the reactive oxygen radicals and inhibit the oxidation of other molecules with ROS to prevent the cellular oxidative damage [36] . Several endogenous antioxidant molecules like catalase, glutathione peroxidases, superoxide dismutase, thioredoxin, vitamin C, vitamin E, etc play vital role in maintaining the seminal redox homeostasis [37] . Melatonin has also been considered as an important classical endogenous antioxidant molecule [38] due to its several distinguishable qualities.
These include its amphiphilic nature enabling it to easily cross the blood-brain barrier or blood placental barrier [39] , and its interactions with nuclear receptor [40] . Melatonin can mediate its antioxidant actions either in a receptor-dependent pathway [41] as well as by directly scavenging the free radicals [42] . Moreover, the ability of melatonin in upregulating antioxidant enzymes and downregulating prooxidant enzymes makes it a unique oxygen scavenger [43] .
Melatonin may interact with ROS indirectly by participating in redox cycling unlike vitamin C, glutathione, etc, and form several stable metabolites or end products through some add-on reactions in a deluge manner which can act as antioxidant too and also can easily be excreted via urine [44] . For example, 3-hydroxymelatonin is more potent than its primary form in reducing hypervalent hemoglobin, on the other hand, N 1 -acetyl-5-methoxykynuramine may show powerful ROS scavenging capacity than its precursor and thus may prevent protein oxidation [45] . Melatonin can also enhance the activities of some traditional antioxidants including alpha-tocopherol, glutathione peroxidase, ascorbate and superoxide dismutase, etc [46] . It also may stimulate the mRNA levels of antioxidant enzymes including superoxide dismutase, glutathione peroxidase, and catalase [8] .
Melatonin in male reproduction
In puberty and sexual maturation
During fetal life (midgestational fetus) the hypothalamic-pituitary-gonadal (HPG) axis is active but becomes quiescent towards the term due to the inhibitory feedback of placental hormones and regains at the birth time [47] . The gonadotropin-releasing hormone (GnRH) and subsequently the gonadotropin levels gradually attain their peaks during the first three months of the life and again declines towards the sixth months remaining quiescent until puberty is attained [47] . Its further reactivation depends on the gradual and continuous release of GnRH resulting in successive secretion of gonadotropins [48] . From one experimental model it has been shown that melatonin secretion may inhibit the hypothalamic pulsatile release of GnRH in male Djungarian hamster [49] . The melatonin levels attain their peak from two to four years of age, and on the other hand the reductions in nocturnal plasma melatonin occur around or prior to pubescence [3] .
Thus, it can be said that melatonin may play a role in inhibiting the hypothalamic GnRH activation. During puberty, body mass increases and this is inversely related to melatonin secretion leading to falling in its levels below the threshold concentrations, and so the GnRH pulse generator is re-activated and male reproductive functions are potentiated [50] . Therefore, it is concluded that the decline of melatonin levels trigger puberty and high nocturnal level of melatonin secretion may be associated with delayed puberty in children [51] . Relatively low levels of melatonin than the normal may be associated with precocious puberty in some clinical conditions like destructive pineal tumors in young boys [13] .
In the year of 2005, kisspeptin was discovered as a most powerful activator of GnRH neuron located in the hypothalamus [52] . Being a peptide, kisspeptin is expressed in the arcuate nucleus and in the anteroventral periventricular nucleus of the forebrain abundantly and it is encoded by Kiss1 gene and both estradiol and testosterone regulate the expression of the Kiss1 gene [53] . It is well known to all that the mammalian reproductive system is controlled under the pulsatile release of GnRH and it is mediated by the effect of that kisspeptin. It is also noticed that, for the process of human puberty, all the GnRH neurons do not always get input from the kisspeptin neurons [54] and some other neurons are also responsible like RFamide-related peptide (RFRP) neurons which secrete RFRP-1 and RFRP-3, a member of the RFamide peptide group, known to inhibit GnRH, and also it may play a role in between melatonin and GnRH release due to the effect of melatonin on RFRP neurons [55] . Some animal studies reveal that followed by pinealectomy (a major source of endogenous melatonin), reduction in kisspeptin expression was observed under exogenous melatonin supplementation along with prolonged photoperiodic exposure [33] . But depending on duration of exogenous melatonin, supplement kisspeptin is regulated; its acute supplementation may reduce the expression of kisspeptin gene at first but when it was used for longer time, it enhanced the kisspeptin gene expression which may again interfere in HPG axis to regulate the release of gonadotropins [56] . Thus, different effects of melatonin on the reproductive system may be modulated by kisspeptin and which is also dependent on the duration of supplementation of the melatonin.
In a cross-sectional study, Waldhauser et al mentioned that as comparing to age group 1 year to 3 years, the mean nighttime serum melatonin level was dropping progressively throughout the adolescence age group of 15 to 20 years [57] . It indicates that during the adolescence, decreased nocturnal melatonin levels are directly proportional to sexual maturation and inversely proportional with Tanner stage [58] . When exogenous melatonin was used to treat animals, it would suppress the GnRH secretion [59] as the emergence of exogenous melatonin administration may alter the sexual maturation [60] . Nowadays, most important concern during the treatment of sleep disturbances is whether the very young or children or adolescents are being affected on their pubertal growth due to the exogenous melatonin supplementation.
Melatonin and HPG axis
Release of melatonin is utterly dependent on light and darkness cycle as well as seasonal variations. The breeding capacity of seasonal animals varies with these variations and this has already been linked with seasonal variations of melatonin [61] . Melatonin, along with hypothalamic and pituitary hormones, plays prime functions in regulation of reproductive functions. The HPG axis is the principal reproduction regulatory axis [62] but it may be modulated by several crosstalks with metabolic hormones [63] , growth factors, and other endogenous influencers thereby interfering with its effects on reproductive functions [64] [65] [66] . Melatonin treatment to the pups of female rats showed disrupted melatonin profiles in growing pups indicating its maternal inheritance in the regulation of reproductive development [67] . It has also been reported that delayed onset of pubertal changes due to reduced luteinizing hormone (LH) and prolactin profiles can be mitigated by melatonin treatment to the mother [68] . Exogenous melatonin has been reported to show inhibitory effects on gonadotrophins secretions affecting the male reproductive development by interfering with follicle-stimulating hormone actions on Sertoli cells [69] . It has been shown that in isolated pituitary cells melatonin administration decreases the effects of LH-releasing hormone [70] . These inhibitory actions of melatonin are mediated by alterations in intracellular second messenger concentrations, specifically by increasing Ca 2+ influx and cAMP accumulation inside the cells [71] . These second messengers potentiate the effects of GnRH on LH secretion, but melatonin administrations affect their concentrations [72] . Melatonin treatment also increases testosterone secretion that negatively regulates gonadotrophin secretions and thus sexual maturation [72] .
Melatonin directly affects the neurons in suprachiasmatic nuclei
and that secrete GnRH to mediate its effects [73] . Its receptors have also been reported in pars tuberalis and pars distalis of the anterior pituitary [74] . But, the actions of melatonin on sexual functions by hypothalamic and pituitary neurons are reported to be distinct.
Inactivation of melatonin receptors has been also reported to disrupt diurnal rhythms and reproductive functions [75] . Expression of melatonin receptors in hypothalamic and pituitary neurons potentiates the hypothesis of its roles in reproductive functions via GnRH pulse. Implantation of melatonin containing pellets in hypothalamus has been reported to reduce testicular weights in rats by 60% compared to control rats [76] . Melatonin treatment to male mile over 10 days have shown a decrease in testicular and accessory organ weights along with reduced spermatogenesis [77] . Successive administration of gonadotrophins has been reported to reverse these effects [78] . Inhibitory actions of melatonin on GnRH secretions have been evidenced in isolated GnRH cells following melatonin administration [79] .
Melatonin has also been reported to down-regulate the expression of LH-β and follicle-stimulating hormone-β as mediated by gonadotropin-inhibitory hormone (GnIH) to inhibit GnRH synthesis and secretion [80] . In photoperiodic animals, pinealectomy has been found to disrupt reproductive functions due to the decreased melatonin secretion and altered GnIH production which have been reversed with exogenous melatonin administration [81] . Under short-day conditions Siberian hamsters have exhibited higher GnIH expressions, indicating GnIH expression controls actions of melatonin [81] . However, all these data postulate that GnRH alters the actions of melatonin and thereby its regulation over reproductive functions.
Melatonin and testicular steroidogenesis
Melatonin is also a key regulator of steroidogenesis and testicular and accessory sex organ development. Chronic exposure of light to hamsters have been found be related with altered tubular and interstitial structures in testis [82] . Melatonin administration has also been reported to reduce mitochondrial and smooth endoplasmic reticular volume and surface area which are the key locations for testicular steroidogenesis [83] . Moreover, testosterone biosynthesis is dependent on LH-mediated cAMP actions on Leydig cells [84] .
Rats treated with exogenous melatonin decreased Leydig cell cAMP concentrations and thus reduced LH signaling. Administration of luzindole, a melatonin receptor antagonist, has been reported to restore the cAMP concentrations in Leydig cells and thus stimulates LH functioning for testicular steroidogenesis [85] . It is also found to reduce the LH-induced expression of steroidogenic acute regulatory protein by decreasing cAMP concentrations in Leydig cells [85] .
Other than cAMP-dependent actions of melatonin, it also decreases GnRH-dependent Ca 2+ release and protein kinases activation which are associated with testosterone biosynthesis and secretion [86] .
Along with reduction of LH-and GnRH-induced steroidogenesis, melatonin also affects testosterone production via acting through hypothalamic-pituitary-adrenal axis [87] and also through the actions of corticotropin-releasing hormone, cortisol or corticosterone.
The corticotropin-releasing hormone produced by Leydig cells acts as a prime autocrine regulator of GnRH-induced testicular steroidogenesis [88] . Isolated Leydig cells from hamster testis, exposed to different photoperiods and melatonin concentrations showed decreased cAMP and androstane-3 毩 , 17β-diol levels [27] , with reduced expressions of steroidogenic acute regulatory protein (StAR), P450scc (side-chain cleavage), 3β-and 17β-hydroxysteroid dehydrogenase [87] . Although it has been reported that melatonin upregulates mRNA expression of corticotropin-releasing hormone, use of corticotropin-releasing hormone antagonists can eliminate the effects of corticotropin-releasing hormone, or melatonin indicating melatonin pathway is independent of corticotropin-releasing hormone regulation [27] .
Melatonin and oxidative stress in spermatozoa
In the sperm, melatonin reduces oxidative damage in the mitochondria, DNA fragmentation, lipid peroxidation of plasma membrane, and apoptotic markers by improving antioxidant activity of enzymatic systems and reducing ROS levels [11] . In addition to the antioxidative properties of melatonin in seminal plasma [89] , it has been also been demonstrated to have a direct action in sperm capacitation [90, 91] . Thus, high levels of seminal melatonin may protect sperm from oxidative damage, and prevent capacitation at the same time [92] . Though there is less amount of melatonin found in ejaculated sperm in the female reproductive tract, the melatonin present in follicular fluid helps in the process of capacitation [42] . It has been reported that melatonin regulates seminal calmodulin level and thus controls several reproductive functions, like hyperactivation, capacitation, and acrosome reaction [93] . Melatonin, through its receptors on sperm membrane, MT 1 and MT 2 , exert direct actions on spermatozoa [92] . MT 2 has been reported to be directly concerned with the process of capacitation [89] . Melatonin has been reported to regulate secretion of bicarbonates and mobilization of calcium, and thus it may control the process of sperm capacitation by regulating the effects of calcium and bicarbonates on sperm [94] .
Melatonin and semen quality
Spermatogenic disruption can be observed in testes exposed to endocrine disruptors or genital infections [13, [95] [96] [97] [98] . Melatonin is wellknown to protect testis from these reproductive disruptions [44, 62] .
Lower seminal levels of melatonin have also been associated with male infertility [99] . Declined seminal melatonin has also been reported to cause decreased sperm motility [100] . These data point toward the role of melatonin in the regulation of semen quality. The receptor of the sperm membrane also indicated its role in sperm production and maturation [101] . It has been reported that in rams reproductive functions are under the influence of photoperiod and semen quality decreases after the breeding season [102] . Melatonin has been proven to improve semen quality in rams and male Damascus goats in non-breeding seasons [92] . Isolated ram spermatozoa exposed to melatonin showed improved capacitation and phosphatidylserine translocation. These changes decline at lower dosage of melatonin [92] . Melatonin due to its potential antioxidative properties has been reported to protect sperm cells from ischemia and improves sperm abnormalities [103] . Sperm maturation medium with high melatonin has been found to increase sperm progressive motility, raise the number of motile sperms, improve sperm mitochondrial activity, along with decreasing endogenous nitric oxide levels [104] .
Cryopreserved sperms for insemination has shown an improvement in motility, straight-linear velocity and average path velocity when exposed to high levels of melatonin, even stored at 5°曟 and 17°曟 [105] . The role of melatonin in amelioration of sperm damage is associated with various signaling cascades. It reduces sperm DNA fragmentation and apoptosis induced by hydrogen peroxide through MT 1 and extracellular signal-regulated kinases [11] .
Melatonin on sperm preservation
As discussed above, melatonin due to its antioxidative and antiapoptotic functions improves semen quality [106] . It has been reported that boar spermatozoa treated with 100 nM melatonin improved sperm motility, sperm membrane integrity, sperm mitochondrial functions along with increased numbers of embryos produced through in vitro fertilization [107] . Succu et al with different doses of melatonin showed increased sperm motility, sperm chromatin integrity and intracellular adenosine triphosphate (ATP) concentration in ram spermatozoa [108] . Souza et al [109] with various concentrations of melatonin also supported these observations in ram spermatozoa and reported higher sperm motility, sperm membrane and acrosome integrity, and mitochondrial activity in melatonin treated sperms. It has been proposed that improvement of sperm motility in melatonin-treated spermatozoa is attributed to its effects of sperm mitochondrial functions [110] . Ashrafi et al [105] with different concentrations of melatonin to a freezing extender for bull spermatozoa reported better sperms functions with improved antioxidant profile in seminal plasma. El-Raey et al [111] with two different concentrations of melatonin (0.10 and 0.25 mM) to a freezing extender for buffalo spermatozoa have reported improved semen quality, plasma membrane and acrosome integrity, with higher conception rate after freeze-thawing. Lanconi et al [112] with 1 mM melatonin added to a freezing extender for horse spermatozoa reported same observations. For human spermatozoa, Karimfar et al [113] have reported the same with multiple doses of melatonin. Altogether, these reports reveal the semen qualityimproving potential of melatonin and its beneficial effects on sperm cryo survival with fertility-enhancing actions in different species.
However, in dogs, semen quality-improving and cryo survivalenhancing functions are not very much evident. Epididymal spermatozoa of German and Belgian Shepherd dogs incubated with 1 mM melatonin showed similar sperm motility, plasma membrane and acrosome integrity, capacitation status, and membrane fluidity after freeze-thawing compared to untreated sperms [114] .
In some cases, the negative effects of the dissolving medium have been noted on semen quality. Gwayi and Bernard have reported negative effects of ethanol in rat spermatozoa [115] . But, Martín-Hidalgo et al [116] did not find any detrimental effects of ethanol as a melatonin-dissolving medium on boar spermatozoa.
Studies have also reported negative effects of high levels of melatonin on cryopreserved sperms on its fertilizing potential. It has been hypothesized that excessive neutralization of ROS generation and inhibition of oxidative phosphorylation may reduce sperm viability as well as motility [109] . Melatonin, which has been evident to facilitate sperm functions including capacitation, hyperactivation, and acrosome reaction, is a universal antioxidant, but its excessive dosage may hinder the normal functioning of ROS needed for these sperm functions. These reports indicate the importance of identification of optimal dosage of melatonin for cryopreservation in different species.
Conclusions
The present review article has discussed the properties of melatonin, its receptors and the possible mechanisms by which it influences male reproductive functions. It appears to be clear that melatonin affects both the HPG axis as well as testicular hormone actions and prevents testicular oxidative damage via its antioxidative properties thereby improving sperm quality. Further studies should be undertaken to unveil considering melatonin as a therapeutic target to combat oxidative stress-induced male subfertility or infertility.
